For high recoveries and purities of L-proline (L-Pro) and L-hydroxyproline (L-Hyp) from the low-value sea cucumber Acaudina leucoprocta, the extraction process was systematically investigated and optimized. The results indicated that, in decoloration of A. leucoprocta hydrolysate, activated carbon powdered W660 was more suitable due to the low addition amount and short treatment time compared with macroporous resin HZ816 offering comparable decoloration ratio and imino acids recovery yields. For oxidative deamination, HCl-HND 3 exhibited better performance than NaND 2 with complete primary amino acids broken-down and fewer imino acids loss. After decoloration and oxidative deamination under their optimized conditions, an extraction solution was obtained with L-Pro and L-Hyp recovery yields of 76.3% and 78.8% from A. leucoprocta hydrolysate, which was directly used for separation of L-Pro and L-Hyp with ion-exchange chromatograph. This work may be referenced for the large-scale L-Pro and L-Hyp production from other low-value materials.
Introduction
The sea cucumber Acaudina leucoprocta H. L. Clark (EchinodermataI: HolothuroideaI: MolpadidaI: Caudinidae) is one of the most common sea products in Asia (Liu et al., 2017 (Liu et al., , 2018 . Ot possesses a purple-brown and spindle-shaped body, generally 10-14 cm long, with a white posterior and cloacal lining (Clark, 1938) . Ot contains a variety of active components and has high nutritional and pharmaceutical values comparable to Stichopus japonicas (Shan et al., 2013) . However, due to long living in the submarine silt, its body wall is covered by dense and stiff dirt, in which seabed silt and mucus secreted from the surface of A. leucoprocta were strongly linked, influencing the food value of A. leucoprocta (Shan et al., 2013) . Additionally, rapid developments of industrialization and urbanization have generated severe marine pollution, causing increased contents of toxic heavy metals (As, Hg, Pb, and Cd) in the surface of A. leucoprocta . The consumption of A. leucoprocta has been drastically hampered (Huang et al., 2007) . Up to a million tons of A. leucoprocta have been harvested from the East China Sea and discarded as waste by the local fishermen for many years (Lin et al., 2017) . Therefore, optimized utilization of these polluted A. leucoprocta is necessary, especially for preparation of the valuable products.
On our preliminary investigation, 73.63% of protein and 57.59% of collagen were detected in dry matter of A. leucoprocta, respectively (Shan et al., 2013) . On collagen peptides, L-proline (L-Pro) and L-hydroxyproline (L-Hyp) are more frequently found than in other proteins (Bhattacharjee & Bansal, 2005; Lin & Kuan, 2010) . L-Pro and L-Hyp are two imino acids with strong chirality inducing properties due to their rigid conformations. Chiral compounds are one of the most important building blocks in the pharmaceutical, food, cosmetic, agricultural, and feedstuff industries . L-Pro is widely used for stereoselective synthesis, both in stoichiometric amounts and as a chiral catalyst (Klein & Hüttel, 2011) . L-Hyp acts as a chiral building block for the synthesis of important pharmaceutical drugs such as carbapenem antibiotics, angiotensin-converting enzyme inhibitors and antispastic agents (Chen et al., 2016; Klein & Hüttel, 2011; Watanabe et al., 2015) . L-Hyp is manufactured traditionally through collagen hydrolysis of the land-based animals, such as cow and pig (Muralidharan et al., 2013; Yi et al., 2014) . However, the emergence of bovine spongiform encephalopathy and foot and mouth disease have led to a declining supply of collagen and collagen-derived products in recent years (Huang et al., 2016; Li et al., 2013; Minh Thuy et al., 2014) . Alternatively, marine organisms have been recognized as potential resources and are being explored due to their high availability, no risk of disease transmission, and high collagen yields (Lin et al., 2017; Muralidharan et al., 2013) . Therefore, the polluted A. leucoprocta could serve as a realistic raw material for L-Pro and L-Hyp preparation. To date, there have been few reports that systematically investigate the extraction conditions of L-Pro Optimization of extraction process for efficient imino acids recovery and purification from low-value sea cucumber and L-Hyp from protein hydrolysate. Therefore, to make better use of the low-value A. leucoprocta and to obtain high recovery and purity of products, the extraction process mainly including decolorization and oxidative deamination were investigated and improved for an efficient recovery and purification of L-Pro and L-Hyp from the A. leucoprocta hydrolysate.
Materials and methods

Materials and reagents
Dried sea cucumber A. leucoprocta were provided by Shiji Marine Products Co., Ltd. (Xiangshan, Ningbo, China). L-Pro and trans-4-hydroxy-L-proline standards were purchased from J&K Chemical Co., Ltd. (Beijing, China). Borate buffer (pH 10.2) and 9-fluorenyl methoxycarbonyl chloride (Fmoc-Cl) were provided by Agilent Technologies (Palo Alto, USA). Acetonitrile and methanol were HPLC grade and purchased from Honywell Burdick & Jackson Chemical Ltd., USA. Dther chemicals and reagents otherwise demonstrated were of analytical grade from commercial sources.
Decolorization agents
Two activated carbons (powdered W660 and granular 769) and eight macroporous resins including X-5, HZ816, D101, DA-201C, HPD-722, AB-8, S-8 and NKA-9 were used for decoloration of A. leucoprocta hydrolysate. Activated carbons were obtained from Shanghai Activated Carbon Co., Ltd. (Shanghai, China). Macroporous resins X-5, AB-8, S-8, and NKA-9 were purchased from the Chemical Plant of Nankai University (Tianjin, China); HZ816, D101, DA-201C, and HPD-722 were purchased from Zhengzhou Qinshi Sci. & Tech. Co., Ltd. (Zhengzhou, China). All of them were first soaked in 95.0% (v/v) ethanol for 12 h, washed thoroughly with distilled water, and vacuum dried prior to use.
Preparation of A. leucoprocta hydrolysate
The dried A. leucoprocta was pre-treated according to the procedures of Newman (1999) till it touched soft enough. Then it was cut into small pieces, and homogenized on a Twe Ultra-Turrax (OKA) at 18000 rpm for 20 min. The homogenate was fully hydrolyzed at 115 °C with 6 mol/L HCl. The solution was evaporated to remove HCl in a rotary vacuum evaporator at 70 °C for three times and the residue was redissolved in 1.5 L deionized water to obtain A. leucoprocta hydrolysate.
Decoloration of A. leucoprocta hydrolysate
The decolorizing agent (activated carbon or macroporous resin) was added into a conical flask containing 50 mL of hydrolysate with different pH adjusted with 6.0 mol/L NaDH. After sealing, the conical flasks were placed in a water-bathing constant temperature vibrator at different temperatures and contact times. The solution was then filtered through Whatman glass microfiber filter and the filtrate was collected. The optical densities of the hydrolysate sample solution (OD h ) and the filtrate (OD d ) were measured using a UV2450-type ultraviolet-visible spectrophotometer (Shimadzu, Japan) at 450 nm, respectively. The decoloration ratio was calculated using
Oxidative deamination methods
NaNO 2 oxidization
The NaND 2 solution (500 g/L) was added dropwise into 50 mL decolorized hydrolysate while stirring over 3.5 h at constant temperature, during which the primary amino acids were selectively oxidized deamination with the formation of hydroxy acids; and imino acids were converted into nitrosamines (Levine, 1959) . After stirring for an additional 1 h, 50 mL of concentrated HCl was added for the regeneration of L-Pro and L-Hyp by hydrolysis of their nitrosamines (Levine, 1959) . Subsequently, the reaction solution was concentrated to dryness in a rotary vacuum evaporator, and the residue was evaporated again after addition of 50 mL deionized water. The re-evaporated residue dissolved in hot ethanol (95%, 90 °C) and was filtered twice through Whatman glass microfiber filter to remove the insoluble salts. Followingly, the ethanol in filtrate consisted of soluble amino acids was vacuum rotary evaporated and the residue redissolve in 50 mL deionized water to yield a solution with L-Pro, L-Hyp and remained NaCl.
To further reduce NaCl amount, the solution was re-decolorized with activated carbon and then desalinated through column chromatography. The desalination process was performed on glass columns (20 cm × 1.5 cm) (Bio-Rad, USA) packed with 4.0 g (dry weight) cation-exchange resin D001 (Na + ), the re-decolorized solution (pH 3.0) flowed through the column at the flow rate of 1.0 mL/min. The effluent was collected and its conductivity and imino acids concentrations were detected.
HCl-HNO 3 oxidization
50 mL decolorized hydrolysate was vacuum rotary evaporated and the residue redissolved in concentrated HCl, followed by concentrated HND 3 . This reaction solution was heated for 5 min in a boiling water bath and then immediately rotary evaporated. The residue from the nitrosylation reaction containing unreacted imino acids and a mixture of hydroxy acids formed from primary amino acids and their oxidation products, was evaporated again after addition of 10 mL deionized water. The re-evaporated residue was sequencely dissolved in 1 mL acetone and 50 mL diethyl. When the solution was separated into two phases, the decanted organic layer containing hydroxy acids was discarded; the oily residue consisted of a mixture of L-Pro and L-Hyp was treated with a second extraction with 25 mL ether to remove remaining traces of the hydroxy acids and dissolved in 50 mL deionized water, generating a solution which could be directedly applied to the column chromatography for L-Pro and L-Hyp separation described below.
Ion-exchange process for L-Pro and L-Hyp separation from A. leucoprocta hydrolysate
For separation of L-Pro and L-Hyp from extract of A. leucoprocta hydrolysate, ion-exchange experiments including dynamic adsorption and desorption processes were carried out on glass columns (200 mm × 15 mm) (Bio-Rad, USA) wet-packed with cation-exchange resin Dowex 50WX8 (4.0 g, dry weight) . Appropriately diluted sample solution (pH 3.0-4.0) was passed through the ion-exchange column at 25 °C with a flow rate of 1.9 mL/min till one of the breakthrough points of L-Hyp or L-Pro occurred. The breakthrough point was defined as the concentration of adsorbate leakage solution was 5% of its initial concentration. L-Pro and L-Hyp adsorbed on Dowex 50WX8 resin was eluted by 1.0 mol/L HCl solution at a flow rate of 0.10 mL/min. Eluates were collected for L-Pro and L-Hyp detection.
Analysis methods
The amino acid was detected using an Amino Acid Analyzer (Sykam S-433D, Kleinostheim, Germany) with post column ninhydrin derivatization. L-Pro and L-Hyp were quantified using FMDC pre-column derivatization method with an Agilent 1100 HPLC (Palo Alto, Ca, USA) equipped with a Zorbax Eclipse-AAA column (150 mm×4.6 mm, 3.5 μm) (Henderson et al., 2000; Zhou et al., 2018) . The recovery yields (RY) and loss ratios (LR) of imino acids were calculated by Equations 1 and 2.
where t C and 0 C is the concentration of L-Pro or L-Hyp in the solution after and before treatment, respectively; t V and 0 V is the solution volume after and before treatment, respectively.
Results and discussion
Amino acid composition of A. leucoprocta
The composition and content of amino acid were summarized in Table 1 . The protein content in body wall of dry A. leucoprocta was 70.92%, higher than that of other echinoderms, such as Parastichopus californicus (Liu et al., 2010) , Stichopus horrens (Forghani et al., 2012) , and S. japonicus (Saito et al., 2002) . On the hydroxysate of A. leucoprocta, 18 kinds of amino acids were detected, with a total content of 89.2% (based on the dry weight of A. leucoprocta). Among them, L-glycine is the most abundant amino acid, covering 17.79% of the dry weight of A. leucoprocta; L-glutamic acid and L-alanine are the second abundant amino acids, each one contributing about 11% of the dry weight. The results are similar to those of S. japonicus (Cui et al., 2007) . The content of total collagen was calculated using a L-Hyp to collagen ratio of 1I:13 (Trotter et al., 1995) , and the results was 56.9% of the dry weight, representing 76.3% of the total protein and indicating that collagen is the main protein of A. leucoprocta. As the essential component of collagen, L-Pro and L-Hyp accounted for 9.15% and 4.38% of dry weight, suggesting that low-value A. leucoprocta could be served as a potential raw material for L-pro and L-Hyp extraction and preparation.
Decoloration of A. leucoprocta hydrolysate
The decoloration ratio is closely related to decolorizing agent and reaction condition. On this project, activated carbons and macroporous resins were selected, and their decoloration performance under different conditions were tested and compared.
Decoloration with activated carbon
On our preliminary study, activated carbons granular 769 and powdered W660 were compared, and the powdered W660 exhibited a higher dyes removal ability towards the hydrolysate of A. leucoprocta than that of granular 769 (data not shown). Thus, the subsequent investigations were carried out with powdered W660 as decolorizing agent. To achieve a higher decoloration ratio and fewer imino acids loss, the effects of activated carbon dosage, temperature, pH and treatment time on the decoloration of hydrolysate were investigated. The results were shown in Figure 1 . From Figure 1a , we can see that, the decoloration ratio increased with the activated carbon addition dosage, and reached the saturation plateaus when the activated carbon concentrations were 9.00 g/L; while, imino acids loss percentage increased slowly with the activated carbon concentration in the range of 0.45-18.00 g/L. Thus, the addition dosage of activated carbon was selected as 9.00 g/L and used in the following tests. As shown in Figure 1b , decoloration ratio increased when the temperature was elevated from 40 to 60 °C, and was maintained at the highest level at 60-90 °C; however, the imino acids loss was substantially increased as the temperature rised. Thus, 60 °C was the most suitable temperature for decoloration. As shown in Figure 1c , the highest decoloration ratio and fewest imino acids loss were found when initial pH of the solution was 3.0. So pH 3.0 was selected for the following tests. As can be seen from Figure 1d , the adsorption capacities of dyes and imino acids increased rapidly in the first 5 min and varied slowly after 5 min, reaching their maximum values at about 30 min and 90 min, respectively. Therefore, the optimal decoloration time was recommended as 30 min. Under these optimized conditions, the decoloration ratio reached 95.50%, with L-Pro and L-Hyp recovery yields of 89.9% and 91.4%, respectively.
Decoloration with resin 0.5 g each of macroporous resins were added into 50 mL of hydrolysate sample solution. After 12 h shaking (150 rpm) at 60°C, the decoloration ability for each macroporous resins was detected and compared. Figure 2 indicated that, four resins (HZ816, D101, AB-8, and HPD-722), especially HZ816 showed a satisfactory performance on dye removal (decoloration ratio > 80%) and imino acid recovery (>93%). Thus, HZ816 was selected for decoloration in the following experiments.
The effects of resin HZ816 dosage, temperature, pH, and contact time on decoloration ratio and imino acids loss ratios were investigated and the results were illustrated in Figure 3a -d, respectively. As shown in Figure 3 , the most suitable conditions for decoloration with HZ816 were as followsI: resin dosage 30 g/L, temperature 50 °C, pH 3.0, and treatment time 240 min; in the optimized conditions, the highest decoloration ratio was 88.1%; and L-Pro and L-Hyp recovery yields were 92.1% and 93.3%, respectively.
The decoloration ratio and imino acids recovery yields were comparable to those of activated carbon powdered W660. However, the required amount of resin was much higher, and the treatment time were significantly lengthened, indicating that this decoloration process is of low efficiency and high cost. Therefore, activated carbon powdered W660 was more suitable in the decoloration of A. leucoprocta hydrolysate. 
Oxidation of decolorized hydrolysate of A. leucoprocta
The oxidative deamination of α-amino acids in the decolorized hydrolysate of A. leucoprocta was performed with two methods. The effects of different methods on primary amino acids broken-down and imino acids loss under different conditions were studied and compared.
Oxidization with NaNO 2
For a complete deamination of α-amino acids and less loss of imino acids, the decolorized hydrolysate was first treated with 500 g/L NaND 2 solution at different addition amounts and reaction temperatures. As Figure 4a showed, the loss ratio of L-Pro and L-Hyp increased with NaND 2 final concentration from 20 g/L to 80 g/L. However, when the final concentration of NaND 2 was below 60 g/L, the deamination of primary amino acids was incomplete; many amino acids could be detected in the amino acid analysis (data now shown). Therefore, 60 g/L NaND 2 was advised in the following work. As shown in Figure 4b , increasing the reaction temperature above 40 °C resulted in a significant imino acid loss; and the complete deamination of primary amino acids was found at 40 °C and above (data now shown), so 40 °C was selected as the optimal temperature. The loss ratios of L-Pro and L-Hyp were 18.7% and 19.8% respectively at 60 g/L NaND 2 and 40 °C. NaND 2 has been usually used in deamination of α-amino acids, but use of this reagent entails the production of NaCl (Levine, 1959) . Thus, desalination through ion-exchange resin D001 (Na + ) were conducted followingly. As a result, most of Na + was removed, and the conductivity decreased to 10.04 ms/cm from 38.12 ms/cm; However, considerable amounts of extra L-Pro and L-Hyp were also lost. A total loss of 38.5% (L-Pro) and 34.4% (L-Hyp) was detected in the desalinated solution.
HCl-HNO 3 oxidization
On this method, different volume ratios (3I:1, 4I:1, and 5I:1) of concentrated HCl (36%) and HND 3 (65%) in a total volume of 60 mL were tried. As shown in Figure 5a , the best recovery of L-Pro and L-Hyp was obtained at 4I:1 (HClI:HND 3 , v/v); with each volume ratio, the primary amino acids were all completely deaminated in 60 mL of total solution volume (data not shown); this indicated that, the amounts of HCl and HND 3 were sufficicent for oxidation reaction of the hydrolysate.
With the volume ratio of 4I:1 (HClI:HND 3 , v/v), the effect of different total volumes (25, 40, 50, 60 , and 75 mL) on primary amino acids oxidation and imino acids loss were detected. From Figure 5b , we can see that increasing the total volume caused more loss of imino acids, suggesting that low volume is in favor of maintaining L-Pro and L-Hyp. However, when the total volume was below 50 mL, the primary amino acids were incompletely breakdown (Figure 6 ). Therefore, the total volume was recommended as 50 mL with 4I:1 of HCl and HND 3 (v/v).
Different from NaND 2 oxidization, the residues after HCl and HND 3 treatment were volatile, no salts were introduced into the solution. After extraction with organic solvent, the loss ratios of L-Pro and L-Hyp were 15.2% and 13.8%, respectively, obviously lower than those of NaND 2 oxidization.
Extraction and separation of L-Pro and L-Hyp from hydrolysate of A. leucoprocta
For efficient extraction of L-Pro and L-Hyp from A. leucoprocta hydrolysate, three repeated decolorization and oxidative deamination experiments were performed under the optimized conditions obtained in this work. After A. leucoprocta was fully hydrolyzed, 1500 mL hydrolysate with pH 1.5 was yielded. L-Pro and L-Hyp in the hydrolysate of A. leucoprocta were detected and the results were 6.65 g/L and 3.18 g/L, respectively. After treatment with 9.00 g/L activated carbon powdered W660 at 60 °C for 30 min, a clear, light yellow solution with 6.09 g/L L-Pro and 2.95 g/L L-Hyp was yielded, in which large amounts of other amino acids also existed; after oxidative deamination of decolorized A. leucoprocta hydrolysate with 1500 mL HCl-HND 3 (4I:1, v/v) and organic solvent extraction, an extraction solution with With the final extraction solution, an ion-exchange process for L-Pro and L-Hyp separation and purification was carried on with cation-exchange resin Dowex 50WX8. Through dynamic adsorption and desorption, the purities of L-Pro and L-Hyp in their corresponding eluates reached 94.33% and 95.75%, respectively. The final recovery yields of L-Pro and L-Hyp from A. leucoprocta hydrolysate were 71.1% and 70.5%, respectively. Therefore, the optimized processes including decolorization and oxidative deamination in this study were suitable for use in a large-scale process to recover L-Pro and L-Hyp from an amino acids mixture.
Conclusions
An efficient extraction of L-Pro and L-Hyp from hydrolysate of low-value sea cucumber A. leucoprocta was successfully achieved in this study. On the decoloration process, the decoloration performance of two decolorizing agents including activated carbon powdered W660 and macroporous resin HZ816 under various conditions were tested and compared. The result showed that activated carbon powdered W660 was more suitable for decoloration of A. leucoprocta. On the α-amino acids oxidative deamination process of the decolorized hydrolysate of A. leucoprocta, the oxidation performances and imino acids loss yields with NaND 2 and HCl-HND 3 as oxidants under different conditions were investigated. The results indicated that, compared with NaND 2 , HCl-HND 3 exhibited better oxidization performance with complete primary amino acids broken down and fewer imino acids loss. After decolorization and oxidative deamination under their optimized conditions, an extraction solution containing 5.07 g/L L-Pro and 2.51 g/L L-Hyp with high recovery yields of L-Pro (76.3%) and L-Hyp (78.8%) from A. leucoprocta hydrolysate was obtained, which was directly used for L-Pro and L-Hyp separation in ion-exchange process with final recovery yields of 71.1% (L-Pro) and 70.5% (L-Hyp) and high purities of 94.33% (L-Pro) and 95.75% (L-Hyp), respectively. The results obtained in this study can be referenced for the extraction of L-Pro and L-Hyp from other low-value materials. 
